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Abstract
=
Recent studies of leading-edge vortex flows
with computational fluid dynamics codes using
Euler or Navler-Stokes formulations have shown
fair agreement with experimental data. These
studies have concentrated on simulating the
flowfields associated with a sharp-edged flat
plate 70 ° delta wing at angles of attack where
vortex breakdown or burst is observed over the
wing. There are, however, a number of discrepan-
cies between the experimental data and the com-
puted flowfields. The location of vortex break-
down in the computational solutions is seen to
differ from the experimental data and to vary with
changes in the computational grid and freestream
Mach number. There also remain issues as to the
validity of steady-state computations for cases
which contain regions of unsteady flow, such as in
the post-breakdown regions. As a partial response
to these questions, a number of laminar Navler-
Stokes solutions have been examined for the 70"
delta wing. The computed solutions are compared
with an experimental database obtained at low
subsonic speeds. The convergence of forces,
moments and vortex breakdown locations are also
analyzed to determine if the computed flowfields
actually reach steady-state conditions.
Introduction
High angle of attack maneuvering has become an
integral part of the flight envelopes for current
and future fighter aircraft. At such flight
conditions vortical flow is a dominant feature of
the flowfield. Vortex flows include complex
features such as massive flow separation, and
breakdown or bursting of vortices, that are not
well understood at present and are topics of
active research. The bursting of the vortex may
result in several adverse effects, such as an
abrupt change in pitching moment, loss in llft,
and buffet, and can be a strict limitation of its
maneuverability. Predicting and understanding
such flowfields is, therefore, very important.
Vortex breakdown or burst is characterized by
a sudden deceleration of the axial flow in the
vortex core, and a decrease in the circumferential
velocity associated with the rapid expansion of
the vortex core (Ref 1). The vortex burst phe-
nomenon has been the subject of much study, both
experimentally (Refs 1,2) and theoretically (Refs
3,4) for more than two decades. A detailed survey
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of the research conducted in this subject area is
provided in Refs 2-4. The theoretical studies
thus far have been for relatively simple cases,
such as s vortex confined in a tube, or an iso-
lated vortex. Although many experiments have been
performed to help understand breakdown, there is
still no general agreement regarding the essential
mechanism of vortex breakdown, and no reliable
criterion is available to predict vortex breakdown
location for a broad range of geometries and
flight conditions.
A flat plate delta wing with sharp leading
edges presents a simple configuration for the
study of vortical flows, including breakdown.
Several investigators have analyzed the flowfields
past delta wings at high angles of attack, both
experimentally (Refs 5-7) and numerically (Refs
8-13). Numerical investigations have been carried
out using both Euler and Navler-Stokes formula-
tions. It has been shown that vortex trajectories
are predicted quite well, at least in the pre-
breakdown regions, using both Euler and Navler-
Stokes equations for a sharp-edged delta wing (Ref
12). Breakdown locations are predicted somewhat
better using the Navier-Stokes equations, although
correlation between the computed and experimental
data for breakdown locations is still inadequate.
The majority of studies reported in the
literature are based on steady-state calculations,
primarily due to the enormous computation time
associated with tlme-accurate solutions. Since
the flowfield in the post-breakdown region is
inherently unsteady, caution must be exercised in
interpreting steady-state results. Flowfields
predicted in the vortical flow region are found to
be strongly dependent on the grid density. For
adequate resolution of the vortical flowfields, a
large number of grid points are required, thus
increasing the computational time proportionately.
Compressibility also plays a role in modifying the
structure of the leading-edge vortex, and thereby
its breakdown location. These are the issues that
are addressed in this paper using computational
solutions. Specifically, the effects of
compressibility and grid enrichment on vortex
breakdown locations are discussed. Although only
steady-state solutions of the Navler-Stokes
equations are used to characterize flowflelds,
issues related to unsteady effects are also
addressed.
Grid Topology and Numerical Method
An H-O type grid topology for a half-plane
model of the delta wine was used in this study.
Fizure 1 shows the geometry used in this study.
Only cases without sideslip were considered, so a
half-plane wing provided the best grid resolution
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aroundthe wing for a given number of points. For
most calculations, the grid dimensions were 61
(axial), 65 (radial), and 89 (circumferential),
with 41 points along the wing in the chordwise
direction. This grid will be referred to as the
medlu_ grid in this paper. A grid embedding
technlque was also utilized to refine the medium
grld around the leading edge and the upper surface
of the wing from the apex to the trailing edge.
The extent of embedding in the normal direction
was just far enough to include the region where
most of the vortical flow phenomena was observed.
This refinement of the medium grid yielded an
embedded region with dimensions of 81 (axial), 87
(radial), and 133 (circ,--ferential).
_0
27.74
1.27
2S* te_ and Trailing EdGe BOVlll
(Meamur_lNon_JtoEdoe)
NoW: All dimon_on8 _ centVv"Nplom
Fig. 1 Flat Ptate Semispan OettaWing Model
The grid was constructed by successive gener-
ation of two-dimenslonal (2-D) grids normal to the
wing centerllne. These 2-D grids were generated
using a method that solves an elliptic system of
partial differential equations (Ref 14). This
procedure results in a high quality, orthogonal
grid, even near difficult areas such as the sharp
leading edge of the wing.
The CFL3D Euler/Navier-Stokes code (Ref 15)
was used to calculate all of the flowfields in
this study. The computational algorithm is based
On • thln-layer approximation to the three-dimen-
sional, tlme-dependent, conservation law form of
the compressible Navler-Stokes equations. The
code solves the dlscretlzed flow equations
implicitly using an upwlnd-biased spatial differ-
encing scheme with either flux difference split-
ting or flux vector splitting for the convective
and pressure terms, and central differencing for
the shear stress and heat transfer terms. In this
study, the Roe-averaged flux difference splitting
is applied for the spatial terms. Flux limiting
is also used to alleviate oscillations near high
gradient flow regions.
Rossby Number
As the Rossby number has been used in analyz-
inS the majority of results in this paper, a brief
discussion of this number is in order here. It is
a parameter which is essentially a ratio of the
axial and the circumferential momentum in a
vortex. A standard definition (Ref 16) is:
Ro = U-_-
r0
where U is the core axial velocity, g is the
rotation rate, and r is an effective radius of the
vortex. For a mathematical model these three
quantities may be determined analytlcally, whereas
for exper_tal and numerical solutions an ..... -
integral-based approach is used. in this
approach, a non-dimenslonal vortlcity (w) is
calculated for each cell using Stokes theorem. An
area (A) of the primary vortical region is defined
by the cells that have e >_ i. This value of ,, was
chosen empirically. The rotation rate and effec-
tive radius are then calculated as....
0 =lwdA2A--_-' r = : .
The axial velocity is calculated by integrat-
ing the velocity component, v _, along the vortex
axis, over an area defining the vortex core, A'.
u : T-_-r--
The area A' is defined by a circle centered at
the centrold of vorticlty ( w _ I ) Wlth:somi_
small radius consistent with the size of the
vortex. This procedure resuits in-a-numerically-
determined Rossby number. Through correlations
with other methods of determining breakdown and
experimental data on the flat plate delta winE, it
has been found that Rossby numbers corresponding
to burst locations are near 1.0 (Ref 13). In the
pre-breakdown regions, Ro is usually high (above
1.8). In the post-breakdown regions, it is
usually small (below 0.9) in which case the vortex
will not be stable.
Results
The numerical results presented here hav e beer
obtained using the CFL3D code. Calculations were
performed at several ansles of attack. Due to
similarity of the solutions, results are shown
only for an angle of attack of 30". An earlier
investigation focused on the vortex breakdown
prediction using Euler and Navier-Stokes (laminar
and turbulent) solutions on the delta wing. We
observed that the laminar results overall provided
the best comparison with the test data (Ref 12).
Therefore, only laminar solutions were attempted
in this study. The Reynolds number based on the
root chord (Re) was held constant at one million.
Calculations at Mach numbers from 0.I to 0.4 were
performed to address the effects of compressibil-
ity on the vortical flow and breakdown position.
The pre- end post-breakdown flowfield regions were
examined using the Rossby number analysis (Ref 13)
to investigate flowfleld unsteadiness. Also, grid
embedding was used to examine grid enrichment
effects on predicted vortex breakdown location.
Comparisons between the computed and the wind
tunnel test data are shown wherever appllcable.
The test database consists of surface pressures,
i
three-component Laser Doppler Velocimetry (LDV)
and seven-hole probe flowfield surveys (Ref 17).
Mach Number Effects
The experimental data used for comparison in
this study were obtained at a very low freestream
Math number (M _ 0.05). It is difficult or
sometimes impossible to solve these low speed
flows with a compressible CFD code since the
solution may converge only after a prohibitively
large number of iterations. Therefore, earlier
numerical investigations (Ref 12) on this geometry
were conducted at a freestream Math number of 0.3,
for efficiency considerations.
Even at a relatively low freestreamHach
number, the local Hath number in the vortex core
may extend into the compressible range. This is
due to the accelerated flow at the core of the
vortex which may experience local Mach numbers two
to three times the freestream value (Ref 17). To
determine if compressibility indeed affects the
vortex breakdown location, computed solutions at
four different freestream Mach numbers (M = 0.i,
0.2, 0.3, and 0.4) were analyzed on the medium
grid. Figure 2 shows the effect of freestream
Mach number on the local Mach number in the vortex
at 25Z root chord. It is apparent that the flow
in the core of the vortex shown in Figures 2c-2d,
corresponding to H - 0.3 and 0.4, is well into
the compressible range (local Mach nmnber _ 0.7).
In fact, for H - 0.4 it reaches the sonic condl-
tion. It is i_terestlng to note that for all
cases the local maximum Mach number is about two
and a half times the freestream value.
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The location or trajectory of the leading-edge
vortex for the different Hath numbers is shown in
Figure 3. Three orthogonal views of the wing are
given in this figure to completely define the
primary vortex location relative to the wing.
Flow visualization data are also shown for com-
parison. The vortex location from the computed
solutions was identified by locating the points of
minimum total pressure in the primary vortex at
each axial station. The computed vortex trajec-
tories show an insensitivity to compressibility
effects as there is good agreement with each other
and with experiment in the pre-breakdown region.
The figure also indicates that the vortex follows
an almost linear path in the pre-breakdown
regions, whereas the path becomes random beyond
the breakdown. The point of minimum total pres-
sure after breakdown is observed to enter a
swirling type motion as it moves downstream. This
indicates the spiral-type vortex breakdown that is
usually observed on the delta wings. The experi-
mental vortex locations are based on a visual
determination of an average vortex center loca-
tion, and therefore do not exhibit this swirling
motion after breakdown.
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Figure 3 •Iso .shows that with increased
freestream Math number, the computed breakdown
location moves downstream. For the c•ses an•lyzed
here, the movement is •s high as 10% chord. It is
postul•ted th•t at higher Math numbers there is a
lesser influence of the downstream flowfield on
the flowfield upstream of breakdown. Although
expected to be the worst prediction of breakdown,
the computed loc•tion for M m - 0.4 yields the best
agreement with the test d•ta. This may be fortu-
itous, as the test data were obtained •t a very
low M•ch number (H, _ 0.05). However, there are a
number of other issues such •s wind tunnel wall
effects, transition, etc., that may have signifi-
cant effects on the breakdown locations. No
attempt has been made to resolve these issues in
this study.
The computational breakdown locations shown in
Figure 3 were obt•Ined by examining the axi•l
velocity contours. Ahead of breakdown, the
contours usually have a symmetric structure with
the maximum axial velocity residing in the
well-deflned Core of the vortex. At axial sta-
tions further downstream, however, the core
becomes more diffuse. Eventually, the contours
become asymmetric with lower axial velocities at
the center of the vortex than on the periphery.
The breakdown location is thus determined by
locating the axial station where this change in
the axial velocities is first observed.
This method of determining the breakdown
loc•tlon has been •pplled successfully for delt•
wings, and is consistent with experimental obser-
vations (Ref 12). This method has also been used
to establish • breakdown criterion for delta wings
using Rossby number (Ref 13). Figure 4 shows how
the Rossby number behaves along the wing chord,
for the four different Math numbers. It has been
shown in Ref 13 that when the Rossby number
reaches a value on the order of one, breakdown is
expected to occur. Although such •n observation
is based on • very limited amount of experimental
and computational results, the present results
(Figure 4) •Iso support such a finding. In this
figure, the breakdown locations shown in Figure 3
• re indic•ted. As can be observed, the Rossby
numbers corresponding to breakdown have v•lues
near one.
Unste•dy Effects
All c•lcul•tions shown in this study were made
using a loc•l time stepping scheme to •cceler•te
convergence. Thus, time-accurate solutions were
not obtained. There was evidence, however, of
small inst•billties in the CFD solutions. These
solutions were examined to determine the effects
of this unsteadiness on the vortex breakdown
location. It should be noted that time-accurate
calculations must be performed to obtain data for
• true time or frequency response analysis.
Oscill•tions in the integrated forces and
moment histories indic•te the presence of inherent
flow unsteadiness at high angles of attack.
Figure 5 shows typical histories of computed llft,
drag, and pitching moment coefficients for M -
0.3. Although the solutions appear to be fairly
well converged after I000 iterations, there are
oscillations in the forces and moment even after
2400 iterations. The magnitude of the oscilla-
tions are, however, on the order of 2X of their
mean values. Also, further iterations on the
solution did not improve the convergence. The
oscillations in forces and moment are indications
of inherent flow unsteadiness for such conditions.
For improved predictions of vortex breakdown
location, it is important to investigate the
sensitivity of breakdown location to the flowfield
unsteadiness. _.
Although time-accurate calculations should_be ....
used in obtaining the unsteady effects, they
require an exorbitant amount of computation time.
Therefore, a simpler ad-hoc method was sought for
quantifying the effect of unsteady flow on break-
down. The Rossby n,_mber has shown promise in
predicting flow unsteadiness in the vortical
region. Figure 8a shows a typical history of
Rossby number at a location (20g root chord) well
upstream of breakdown, as the solution is executed
for a freestream Mach number of 0.4. Figure 6b
shows a similar history at a location (80Z roo t
chord) downstream of breakdown. Ahead of break- :
down, the Rossby number approaches a nearly
constant value (about 1.9) as the solution con-
verges, implying a nearly steady flowfield. On
the other hand, downstream of burst, the Rossby
number does not converge. This indic•tes a
significant amount of inherent unsteadiness in the
post-breakdown region. Such an observation,
ste•dy flow upstream of burst and unsteady flow
downstream of burst, is also consistent with
experimental observations (Ref 17).
The effects of post-breakdownunsteadiness on
vortex breakdown Ioc•tion may also be examined
using the Rossby number. A breakdown location
history determined using a critical Rossby number
(assumed to be 1.0, based on Ref 13) for H = 0._
is shown in Figure 7. As the solution converges,
vortex breakdown first occurs at the trailing edge
of the wing and then moves upstream to about 50Z
root chord. The breakdown location can be
observed to be oscill•tlng between chordwise grid
planes over approximately 5Z root chord after 2000
iterations. Although, the oscill•tions in burst
location shown here are based on computational
results using the local maximum time stepping
scheme, experimental breakdown location for the
70" delta wing has also been observed to dynami-
cally oscillate about 5Z root chord for this angle
of attack.
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Grid Enric]unent Effects
The medium grid used in this study is consid-
ered too coarse for adequate resolution of the
vortical flowfields. Although only local ti_e
stepping was considered for this investigation,
adequate spatial resolution of the flowfield is
also necessary for time-accurate calculations. To
investigate the effect of grid refinement in the
vortical flow region, a grid embedding procedure
was used in which a subset of the medium grid was
enriched equally in all index directions. The
grid was enriched over the upper surface of the
wing and around the leading edge to better resolve
not only the vortical flow region but also the
fieding shear layer. The extent of embedding in
the normal direction was Just far enough to
include the region where most of the vortical flow
phenomena is observed. This refinm_ent of the
medium grid yielded an embedded region with
dimensions 81 (axial), 87 (radial), and 133
(circumferential). Figure 8 shows the embedded
region in a crossflow plane.
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The effect of grid refinement on chordwise
velocity (normalized by fre_tr_ velocity) along
a line parallel to the upper surface of the wing
is shown in Figure 9. This line was selected to
coincide with the maximum chordwise velocity in
the LDV data which should be near the center of
the primary vortex. Results for both _edium and
embedded grids are compared with the LDV data.
The computed solutions underpredict the velocities
compared with experiment, however, grid embedding
improves the solution considerably. In general,
the shape of the profile is better predicted,
although the comparison with the test data is not
very good. Without grid embedding, the maxi_ua
velocity at the vortex center is only about 2.3
ti_s it's freestream value, whereas with grid
embedding it is increased to about 3.0, which is
closer to the experimental value of about 3.4.
Also, outboard of the vortex center location, a
slight flattening of the profile is due to the
secondary vortex that is predicted better with
grid embedding.
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Improved results with grid embedding can also
be seen by analyzing the stre_ise vorticity
contours (Figure 10). These contours are shown in
the pre-breakdo_n region (25Z root chord), for
both the medium and embedded grid solutions and
also for the experimental data obtained using LDV.
Although the computed contour levels are overall
very similar to the experimental data, the _axi_um
value of vorttcity in the vortex core is nearly
5.5 times greater in the LDV data than in the
computed solutions with the medium grid. Much
t_prove_nt is found with the grid embedding, for
which case this ratio is about 3.4. The resolu-
tion of vorticity in the secondary vortex region
end in the feeding shear layer also is better with
the grid embedding.
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Figures 9-10 clearly demonstrate the sensi-
tivity of the grid resolution on flowfleld details
in the vortical flow regions. The effect of
increased grid density on breakdown location, as
determined again by the Rossby number of 1.0, is
shown in Figure 11. The burst location moves
upstream by about 5X root cl_with the grid
embedding. Unlike the comparisons shown in
Figures 9-10, the comparison with the experimental
breakdown location has degraded with increased
grid density. This discrepancy may be due to not
modeling the wind tunnel walls, as the tunnel
blockage was approximately 10Z at 40 u angle of
attack.
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Effects of Hach number, flowfield unsteadi-
ness, and grid embedding on vortical flow struc-
ture and vortex breakdown location were analyzed
using Navier-Stokes solutions on a 70= delta wing
with sharp leading edge. Analysis was performed
for only laminar flow based on previous investi-
gations and in order to eliminate turbulence model
effects. The computed results were compared with
an experimental database obtained at low subsonic
speeds. The computational solutions, in general,
showed very good agreement with the test data as
far as the vortex trajectories were concerned.
However, mixed results were obtained for the
streamwlse vorticity, velocities near the vortex
core, and vortex breakdown locations.
For freestream Hach numbers above 0.3, the
computed flow in the core of the vortex was found
to be well into the compressible range (H E 0.7).
In fact, for H = 0.4 it reached the sonic condi-
tion. With th_ increase in freestreamHach
number, the breakdown location moved downstream.
The movement was as high as 10Z of the root chord
for the cases investigated. It is postulated that
at higher Mach numbers there is a lesser influence
of the downstream flowfleld on the flowfield
upstream of breakdown.
Oscillations in forces and moment after a few
thousand iterations were used as indications of
unsteadiness in the flowfield. Although oscilla-
tions in forces were less than 2Z of their moan
values, the breakdown location was found to wander
over approximately 5Z of the root chord. This was
consistent with the test data.
Prediction of the chordwise velocity near the
vortex core was improved with grid embedding.
Without grid embedding, the maximum velocity at
the vortex center was only about 2.3 times its
freestreamvalue,whereas with grid embedding it
was increased to about 3.0, the experimental value
being 3.4. Prediction of streamwise vorticity
contour levels was also much improved with the
grid embedding. The maximum vorticity contour
level increased from 3.0 to 5.0 with the increased
grid resolution, experimental value being 17.0.
The burst location, however, moved upstream by
about 5Z root chord, resulting in a degradation in
correlation with test data.
The Rossby number value of about 1.0 at vortex
breakdown was used in interpreting the majority of
results in this study, and provided a useful
method for fast determination of vortex breakdown
locations. Other issues such as effects of wind
tunnel walls, transition, and turbulence modeling
still remain unresolved.
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